Molecular data regarding the diversity of plant loci involved in resistance to herbivores or pathogens are becoming increasingly available. These genes demonstrate variable patterns of diversity, suggesting that they differ in their evolutionary history. In parallel, the study of natural variation for resistance, generally conducted at the phenotypic level, has shown that resistance does not evolve solely under selection pressures exerted by enemies. Metapopulation dynamics and other ecological characteristics of interacting species also appear to have a large impact on resistance evolution. Until now, studies of resistance at the molecular level have been conducted separately from ecological studies in extant populations. Future progress requires an evolutionary approach integrating both molecular and ecological aspects of resistance evolution. Such an approach will contribute greatly to our understanding of the evolution of molecular diversity at loci involved in biotic stress.
Introduction
Genetic variation for resistance to herbivores and microbial pathogens is widespread in plant populations, yet the ecological and evolutionary forces influencing this variation remain unclear. Genetic determination of resistance may be polygenic (eg, Wilson et al, 2001; Kliebenstein et al, 2002b) or may be influenced by single genes with major effects (Flor, 1956; Rossi et al, 1998) . Functional genomics analyses using induced mutations and transgenics provide a greater understanding of resistance mechanisms (Dodds and Schwechheimer, 2002) . In addition, molecular population genetic analysis of patterns of nucleotide polymorphism within and between populations at known resistance loci can detect the signature of natural selection (Fay and Wu, 2001; Nordborg and Innan, 2002) .
A variety of molecular diversity patterns are observed at the plant resistance loci examined to date, suggesting that selection varies among loci. Most molecular studies of resistance loci provide little information on ecological or geographic patterns of functional variation. The ecological and historical context can, nonetheless, markedly impact patterns of nucleotide diversity. Recent theoretical work incorporating the metapopulation structure into the coalescent process has shown that almost any pattern of polymorphism frequency distribution can be generated at a neutral locus (Wakeley and Aliacar, 2001) . Whether current or past ecological factors may explain the different evolutionary trajectories observed for defense-related genes remains to be examined. Analyses of natural variation for resistance in extant populations, although generally conducted at the whole-plant level rather than at the molecular level, have begun to elucidate how the ecological configuration of species interactions can influence evolutionary outcomes. The results of these studies can help bring a broader context to the assessment and interpretation of molecular diversity at resistance loci.
Resistance to pathogens and herbivores
Plant defense against insects and microbial pathogens can be divided into three conceptual phases: attack recognition, signal transduction, and defense deployment. Many recognition genes controlling resistance to specific pathogen strains (R-genes) have been cloned. Generally, these R-genes share homologous functional domains, and can occur either as isolated genes, or more commonly as tandem clusters (reviewed in Michelmore and Meyers, 1998; Dixon et al, 2000; Richly et al, 2002; Meyers et al, 2003) . Analyses of diversity at different Rgenes have identified several molecular mechanisms responsible for the generation of diversity at these loci. Adaptive evolution resulting from mutations on the solvent-exposed residues of leucine-rich repeats (LRR) has been shown, presumably enabling detection of variable pathogen-related ligands (Parniske et al, 1997; Meyers et al, 1998; Noel et al, 1999; Dixon et al, 2000; Sun et al, 2001 ). In addition, recombination plays an important role in generating new LRR configurations (McDowell et al, 1998; Luck et al, 2000) and new paralogues at complex loci (Parniske et al, 1997; Meyers et al, 1998; Sun et al, 2001) . However, mutation and recombination seem to differentially affect R-gene families, which vary in their density and positioning along the chromosome (Parniske et al, 1997; Meyers et al, 1998) , in their copy numbers Noel et al, 1999) , in the proportion of nonfunctional genes (Parniske et al, 1997; Noel et al, 1999; Sun et al, 2001) , in divergence levels among paralogues (Wei et al, 1999; Sun et al, 2001) , and in relative rates of recombination (Wei et al, 1999; Sun et al, 2001) . The cause of these differences among loci is not yet understood.
In plant-insect interactions, the molecular mechanisms underlying the recognition of herbivore attack are not well known. However, some features are shared with plant-pathogen interactions. Although most genetic variation governing plant-insect interactions is probably polygenic (eg, Kliebenstein et al, 2002b) , single genes responsible for plant resistance have been documented in several instances. For example, in the interaction between wheat and the hessian fly, Mayetiola destructor, resistance is governed by single genes, and a variety of resistance polymorphisms are found in cultivars and wild relatives of wheat (Zaharieva et al, 2001) . Likewise, resistance to Asian rice gall midge is controlled by a single dominant locus (Katiyar et al, 2001) . Recent data also indicate that resistance to herbivores and pathogens can involve similar signaling pathways. For example, an LRR gene was shown to be responsible for both aphid and nematode resistance in tomato (Rossi et al, 1998) . This LRR gene is very similar to the tomato Prf gene, which is required for resistance to the bacterial pathogen Pseudomonas syringae (Rossi et al, 1998) .
Signal transduction pathways influencing plant defense responses are discussed extensively in the literature (reviewed in Glazebrook, 2001; Kessler and Baldwin, 2002) . Cross talk among responses to insects and pathogens may be mediated by common signaling pathways (Cui et al, 2002) . For example, ethylene influences resistance to bacterial and fungal pathogens, lepidopteran herbivores, and nematodes (Wang et al, 2002) . So far, little information is available on genetic variation in these regulatory pathways, although quantitative trait loci (QTLs) influencing induction of defensive metabolites have recently been mapped (Kliebenstein et al, 2002a) .
Patterns of genetic variation at resistance loci
Intraspecific genetic variation for resistance has been shown for a number of plant-pathogen and plant-insect interactions in the wild (Fritz and Simms, 1992; Burdon et al, 1996) . Experimental analyses are especially straightforward when major gene polymorphisms control host resistance, even if the responsible locus has not been cloned. Polymorphisms for resistance are generally detected even when hosts and pathogens originate sympatrically. For example, Clarke et al (1987) studied the interaction between the plant Senecio vulgaris and its rust Erysiphe fischeri, using 10 pathogen strains and 150 plants from a 6-km 2 area. As many as 24 major resistance phenotypes were detectable in this host population. High amounts of molecular diversity both within and among natural populations have also been detected at complex R-loci in Lactuca spp., Lycopersicon pimpinellifolium and Phaseolus vulgaris Neema et al, 2001 ; Van der Hoorn et al, 2001) , and for concentrations of furanocoumarins, which deter herbivores attacking Pastinaca sativa (Berenbaum and Zangerl, 1998) . Although genetic variation is common, some host populations appear to lack detectable variation for resistance to insects or pathogens (Nakamura et al, 1995; Burdon and Thrall, 1999) .
Genes experiencing natural selection can be identified by levels of polymorphism that are either increased or decreased relative to neutral molecular variation (reviewed in Ford, 2002) . Reduced levels of nucleotide polymorphism may result from a selective sweep, where an advantageous genetic variant has recently risen to high frequency, causing older genetic variants to be eliminated from the population. Such examples of positive Darwinian selection may reflect an 'evolutionary arms race' between host and enemy species (Bergelson et al, 2001b; Holub, 2001) . Alternatively, elevated levels of nucleotide polymorphism may indicate ancient genetic variation maintained by balancing selection. This mode of host-enemy interaction has been termed 'trench warfare' (Stahl et al, 1999) or 'recycling polymorphism' (Holub, 2001) .
Analyses of nucleotide diversity indicate that balancing selection may maintain polymorphism at some R-genes for long periods of time, perhaps reflecting longterm trench warfare between host and pathogen genotypes (Bergelson et al, 2001b; Holub, 2001) . In Arabidopsis thaliana, very high levels of nucleotide variation surround resistance polymorphisms at Rpm1, and similar observation were made on other LRR-class R-genes (Stahl et al, 1999; Bergelson et al, 2001b; Tian et al, 2002; Mauricio et al, 2003) . In contrast, variation at the Rps4 LRR resistance locus suggests a recent selective sweep that is typical of an 'evolutionary arms race', since resistant and susceptible alleles are almost identical at the nucleotide level (Bergelson et al, 2001b) .
Natural genetic variation also occurs in the deployment of metabolites and proteins that provide direct defense against herbivores and microbial pathogens. Glucosinolates and their breakdown products are genetically variable in Arabidopsis and Brassica, and experience natural selection due to their biological effects on generalist and specialist herbivores (Mauricio and Rausher, 1997; Raybould and Moyes, 2001; Kliebenstein et al, 2002b) . High levels of nucleotide polymorphism are maintained by balancing selection at the Arabidopsis GSelong locus (Kroymann and Mitchell-Olds, unpublished) , which encodes a glucosinolate biosynthetic enzyme (Kroymann et al, 2001) . Evolutionary forces influencing families of metabolites have also been investigated. In Datura stramonium, insect herbivory imposes selection on the synthesis of two major alkaloids present in leaf tissue (Shonle and Bergelson, 2000) . In the plant Pastinaca sativa, the production of sphondin, a defense metabolite, seems to have been selected during the last 100 years, as indicated by increased sphondin production levels (Berenbaum and Zangerl, 1998) .
Two loci in maize, hm1 and hm2, encode enzymes that degrade a toxin produced by the fungal pathogen Cochliobolus carbonum (see Zhang et al, 2002) . Segregating hm1 alleles have large functional effects on disease resistance, whereas segregating hm2 alleles have moderate effects causing partial resistance to Cochliobolus. Nucleotide polymorphism at the hm1 locus showed high levels of neutral variation, whereas the hm2 locus had low levels of segregating polymorphism (Zhang et al, 2002) . Despite the greater functional variation at hm1, only hm2 shows significant deviation from an equilibrium neutral model, apparently due to a selective sweep for detoxification ability. Another defensive enzyme, myrosinase, also shows evidence for a recent selective sweep in A. thaliana (Stranger, 2002) . Following tissue damage, myrosinase catalyzes breakdown of glucosinolates into defensive metabolites that are toxic to many insects and pathogens. Ancestral alleles at the tgg1 myrosinase-encoding locus have low levels of enzyme activity, whereas recent (derived) mutations show high levels of myrosinase activity. Derived tgg1 alleles constitute the predominant alleles in a worldwide sample of A. thaliana genotypes, as expected for a recent selective sweep favoring increased myrosinase activity.
Long-term evolutionary dynamics occurring between enzymes and inhibitors in plant-pest interactions have also been examined. In plant class I chitinase, nonsynonymous substitution rates exceed synonymous rates in Arabis and other dicots . Individual residues experiencing positive selection were identified relative to the three-dimensional structural model of chitinase. Adaptive replacements occur disproportionately in the active site cleft of the enzyme, suggesting that chitinolytic activity in plants responds to inhibitor evolution in fungal pathogens. Likewise, adaptive molecular evolution occurs in plant polygalacturonase inhibitor proteins (Stotz et al, 2000) , which bind fungal polygalacturonases. Finally, nucleotide polymorphism at the wip1 wound-inducible serine protease inhibitor locus in the Zea genus was shown not to differ from neutral expectations (Tiffin and Gaut, 2001 ). Relative rate tests indicated, however, an accelerated rate of evolution in this genus, suggesting that natural selection at the wip 1 locus may either occur episodically or favor novel alleles.
Current data reveal no tendency for the recognition or deployment phases of plant defense to evolve preferentially via trench warfare versus an evolutionary arms race (Stahl et al, 1999; Bergelson et al, 2001b; Kroymann et al, 2001; Stranger 2002; Zhang et al, 2002) . Rather, balancing selection maintains ancient nucleotide polymorphisms at resistance loci encoding LRR recognition proteins and secondary metabolic enzymes (eg, Rpm1, Rps5, Rps2, GSelong). Likewise, selective sweeps may escalate evolutionary arms races at LRR genes or plant enzymes active in secondary metabolism or degradation of microbial compounds (eg, Rps4, hm2, and tgg1). Furthermore, currently available tests of neutrality have little power for the detection of selection regimes that do not belong to either of these two evolutionary extremes (eg, hm2, wip1).
Genetic models for the maintenance of polymorphism
Maintenance of genetic variation for resistance cannot be readily explained by simple population genetic models because resistance genes are predicted to become fixed within populations due to the fitness advantage they provide to the host (Bergelson et al, 2001a) . Numerous theoretical studies have sought ecological or evolutionary explanations for the frequent observation of resistance polymorphism. Based on the simple genetic determinism emerging from Flor's work (1956) , models of resistance evolution have led to the idea that negative frequency-dependent selection might maintain resistance polymorphisms in host plants (reviewed in Leonard, 1997; Bergelson et al, 2001a) . Thus, frequency-dependent selection has been invoked to explain maintenance of polymorphisms in A. thaliana and L. pimpinellifolium (Stahl et al, 1999; Bergelson et al, 2001b; Van der Hoorn et al, 2001) .
Simple gene-for-gene models predict stable polymorphisms through frequency-dependent selection provided there are costs associated with resistance and virulence (Leonard, 1997) . Recent progress towards understanding resistance and virulence mechanisms at the protein level may improve evolutionary interpretation of host-enemy polymorphisms. Mackey et al (2002) have shown that the AvrRpm1 avirulence protein of Pseudomonas syringae interacts directly with RIN4, a hostencoded negative-regulator of plant defense processes. The Arabidopsis Rpm1 protein is a 'molecular guard' that prevents AvrRpm1 from downregulating host defenses. Preliminary data indicate that this guarding mechanism may be broadly applicable Van der Hoorn et al, 2002) . This finding not only elucidates the function of avirulence genes but also explains how the loss of an avirulence allele can affect pathogen fitness. It consequently offers one mechanism by which R-genes may detect indispensable virulence factors and thus provide durable defense (Van der Hoorn et al, 2002) . Balancing selection is therefore hypothesized to act primarily on Rgenes that aim at such avirulence genes ( Van der Hoorn et al, 2002) . This molecular guard hypothesis requires a fitness cost associated with resistant alleles (Leonard, 1997; Van der Hoorn et al, 2002) . Indeed, in a landmark study controlling efficiently for background effects, the presence of the resistant RPM1 allele was shown to cause a 9% decrease in fitness when the pathogen was absent . Recent reviews have concluded that costs of resistance are common in many plant-enemy interactions (Strauss et al, 2002) . However, in natural populations, 'unnecessary' R-genes seem to be widespread. For example, in wild bean, plants from the Central American gene pool display more resistance to pathogen strains from the South Andean gene pool than to pathogens found locally (Geffroy et al, 1999) . This suggests that costs to resistance are generally lower than what was observed at the RPM1 locus (Bergelson and Purrington, 1996; Tian et al, 2003) , and may not be sufficient for maintenance of genetic polymorphism. Alternatively, 'unnecessary' R-genes could be maintained despite their costs due to residual effects on defense. Recently, residual functions of 'defeated' resistance alleles have been shown to depend on the genetic background of both hosts and pathogens, as well as on the resistance gene considered (Li et al, 2001 ). However, the existence of costs is crucial only in the context of purely genetic models, in which evolution of resistance and virulence are solely determined by the interaction between gene products in the host and the enemy. Models incorporating other factors such as population dynamics and geographical structure indicate that the maintenance of polymorphisms does not necessarily require costs (Thrall and Burdon, 2002 ) (see below).
Frequency-dependent selection alone does not explain plant-enemy coevolution Studies of resistance variation in wild populations suggest that negative frequency-dependent selection alone is not sufficient to explain the complex evolutionary trajectories observed in actual populations. Firstly, negative frequency-dependent selection has been difficult to document in field experiments or natural populations. For example, Brunet and Mundt (2000) found evidence for frequency-dependent selection only in a sub-sample of field populations, where it did not maintain genetic polymorphisms. Support for frequencydependent selection is also inconsistent in natural populations. In the interaction between the plant Chondrilla juncea and its rust Puccinia chondrillina, disease primarily occurs in the most common genotypes, as expected under frequency-dependent selection (Chaboudez and Burdon, 1995) . However, this pattern was not found in the interaction between Boechera holboellii and Puccinia rusts (Roy, 1993) . Finally, several studies have also shown maladaptive changes where susceptible host genotypes increase in frequency (Parker, 1991; Burdon and Thrall, 1999) .
Several factors may counteract theoretical predictions of simple frequency-dependent models. First, models incorporating finite size populations show that conditions for maintenance of polymorphism may be more restrictive (Kirby and Burdon, 1997) . Second, particularly in the case of inbreeding species, linkage disequilibrium with nonresistance traits can affect the response to selection (Parker, 1991) . For frequency-dependent selection to be efficient, sex and recombination may be required, allowing a rapid response to changing pathogen populations (Clay and Kover, 1996) . For example, Burdon and Marshall (1981) found that biological control programs have been more successful against inbred weeds than against outbred plant species. Nevertheless, many asexual or inbred plant species (eg, B. holboellii, A. thaliana, A. bracteata, P. vulgaris) prosper despite attacks by herbivore and pathogen species. Third, parasite selection pressure must be sufficiently strong to cause changes in host resistance frequencies (Clay and Kover, 1996) . However, in the wild, many pathogens as well as herbivores do not necessarily cause death of the host, and the selection pressure they exert can be minor in comparison with other stresses (Raybould and Moyes, 2001) .
Demographic factors may also have important effects on the evolution of resistance in host populations, because epidemics generally lead to population reductions, causing bottlenecks and/or genetic drift. Frank (1992) proposed a model incorporating demographic variation, and showed that the maintenance of resistance genes in a host population depends primarily on the growth rate of the pathogen, which influences the probability of massive epidemics. As a consequence, epidemiological characteristics of a pathogen may have a major impact upon resistance evolution, whereas frequency-dependent selection may play a secondary role.
Geographic landscape of interactions
Geographic variation for resistance and virulence is common in many host-enemy interactions. Most host populations are genetically differentiated for resistance and pathogen populations are often differentiated for virulence (eg, Sicard et al, 1997; Cattan-Toupance et al, 1998; Althoff and Thompson, 1999; Burdon and Thrall, 1999) . This geographic heterogeneity may cause unique ecological and evolutionary dynamics at different locations (Thompson, 1999) . Geographic heterogeneity is influenced by abiotic factors such as climate (see Burdon and Thrall, 1999) , but also by biotic factors such as the presence of additional species, and metapopulation characteristics like migration and spatial scale (below).
Competitors can affect the pattern of selection exerted on the host. For example, a quantitative genetics field experiment of Ipomoea hederacea resistance to deer and insect herbivory indicates that resistance to these two natural enemies is not genetically independent, and that the presence or absence of insects affects selection on deer resistance (Stinchcombe and Rausher, 2001 ). Thus, the spatial distribution of competitors can result in geographic patterns in interacting species. For instance, in natural populations of lodgepole pine and crossbills (Benkman et al, 2001) , coevolution in adaptive traits of both host and predator was shown in populations where a competitor, the squirrel Tamiasciurus hudsonicus, is absent, but not in populations where its presence makes crossbills a minor seed predator.
Species generally consist of numerous populations that are genetically heterogeneous (Hughes et al, 1997) , hence levels of gene flow in host and enemy metapopulations can substantially affect the evolutionary dynamics of an interaction. Patterns of local adaptation of a parasite to its sympatric hosts provide an interesting illustration of the impact that dispersal across heterogeneous populations has upon evolutionary interactions. In a model explicitly incorporating the spatial structure of host and parasite populations, Gandon et al (1996) showed that local adaptation of the pathogen is favored when the pathogen migrates more than its host or when both migrate very little. These results correspond well to several empirical studies where interacting species vary over both space and time (Gandon et al, 1996; Kaltz and Shykoff, 1998; Mopper et al, 2000) .
Geographic distance, reflecting variation in gene flow, also affects patterns of resistance diversity and their spatial and temporal evolution. For example, Burdon and Thrall (2000) reported a spatially structured analysis of the flax-rust interaction. The influence of the antagonistic interaction between flax and its rust upon the evolution of host resistance was detected only at a broad spatial scale, whereas stochasticity appeared to dominate resistance evolution at local scales. Similar features emerge from the interaction between P. vulgaris and Colletotrichum lindemuthianum, although the dispersal characteristics of this species-pair differs from the flax-rust interaction. (Sicard et al, 1997; Cattan-Toupance et al, 1998; Neema et al, 2001; de Meaux et al, 2003) In an attempt to clarify the complex patchwork of evolutionary forces emerging from the study of diversity across multiple populations, Thompson (1999) proposed the geographic mosaic hypothesis to model coevolutionary interactions in natural populations. This theory identifies three elements influencing the coevolutionary process among interacting species. Firstly, variability in reciprocal selection pressure creates a geographic mosaic in which coevolution proceeds. Secondly, pairwise coevolutionary changes occur in a subset of populations where reciprocal selection pressures are strongest ('hot spots'). Finally, gene flow among populations causes continual geographic mixing of coevolving traits. Thus, the geographic mosaic hypothesis seeks to understand global evolutionary changes on the basis of spatial variation of local species interactions. If the outcomes of interactions are affected by geographical structure, then local coevolution is predicted to occur. However, direct evidence for reciprocal coevolutionary changes remains scarce, although rapid evolutionary changes following alterations of selection configurations are commonly observed (Thompson, 1998) .
Recently, Thompson and Cunningham (2002) showed that fitness consequences of interspecific interactions can be highly divergent among local populations. They quantified geographic heterogeneity of selective forces exerted by an insect parasite on its host plant, Lithophragma parviflorum, over a number of populations. The direction of selection varied from antagonistic to mutualistic among populations, presumably due to variation in co-occurring pollinator assemblages. This heterogeneous species interaction provides the ecological context for a geographic evolutionary mosaic. Further work will be necessary to show reciprocal coevolutionary changes within 'hot spots', as well as gene flow with surrounding 'cold spots'. The potential for such exchanges has already been shown by studies of molecular diversity in the host and parasite species (Thompson, 1997) .
Theoretical models have begun to explore the impact of geographic structure upon dynamics of interactions, yielding predictions very different from large, homogeneous populations. For instance, Gomulkiewicz et al (2000) show that the spatial distribution of 'hot' and 'cold' spots can influence strongly the coevolutionary dynamics. Gene flow, natural selection and habitat size were also shown to influence evolution of interactionrelated characters, and to be crucial determinants of an appropriate geographical scale for examining coevolutionary changes (Nuismer et al, 1999) . More importantly, extinction and recolonization dynamics were shown to have a major impact on the evolutionary outcome of interactions, both with regard to how the epidemic develops and to how the genetic composition of interacting species changes over generations (Thrall and Burdon, 2002) . Such dynamics allow maintenance of resistance and virulence polymorphisms without the existence of costs. Consequently, the debate about costs of resistance and virulence may not be fundamental to the maintenance of genetic variation.
Guidelines for analysis of molecular diversity at interaction loci
To study the genes that matter in ecology, we must examine individual loci with known functional effects. Several excellent molecular studies (above) have examined allelic polymorphisms for resistance traits in plant populations. The future challenge is to combine these approaches with greater ecological realism and relevance. Prior to any ecological and population-wide study, natural polymorphisms among alleles that differ in function must be identified. Genetically tractable species that are closely related to well-studied model organisms will be particularly useful for this endeavor (Mitchell-Olds, 2001 ).
As we have seen, realistic models and data from natural populations are far more complex than portrayed by frequency dependent selection in a single infinite population. Other factors such as metapopulation structures of interacting species, life history traits, breeding system, and competitors can affect the observed patterns of resistance diversity. These factors need to be integrated in the study of molecular diversity at resistance loci and should help to determine ecologically relevant sampling of diversity.
To understand the processes of host-enemy interactions at the molecular level, diversity should be sampled in metapopulations that are relatively undisturbed. Studies of introduced species may yield incongruent evolutionary and ecological inferences. This can occur because molecular population genetics identifies historical patterns which accumulated over thousands of generations in ancestral environments, whereas ecological analyses of introduced plants may exclude the enemy species which were responsible for the evolutionary forces revealed by nucleotide polymorphism. Thus, wild relatives of genetically tractable organisms, such as Arabidopsis lyrata, Oryza rufipogon, Lotus corniculatus, Medicago truncatula, as well as wild species with well known histories such as Linum marginale, Phaseolus vulgaris or Lycopersicon pimpinellifolium, may be useful for such studies.
Phenotypic studies of resistance evolution have shown that host population dynamics can have a large impact on the evolution of resistance and can be a major evolutionary force. Studying resistance alone does not allow discrimination between stochastic and interactionspecific evolutionary forces. As evolutionary forces related to population structure and dynamics affect the whole genome, diversity at neutral loci can be contrasted to ecologically important genes (Wakeley and Aliacar, 2001) . Stochastic and coevolutionary forces are unlikely to act in a simple additive manner, and the mode in which they interact is one of the keys to understanding these systems. Simultaneous analysis of neutral and ecologically important variability at multiple spatial scales offers one way to characterize the relative importance of genetic isolation versus selection by antagonistic species (Burdon and Thrall, 2000; de Meaux et al, 2003) . Eventually, elucidation of selective forces shaping resistance evolution requires joint analysis of the geographic distribution and dynamics of host and enemy populations. The characterisation of the geographic mosaics of selection is likely to play a crucial role in the interpretation of molecular diversity at resistance genes (Gomulkiewicz et al, 2000; Thompson and Cunningham, 2002) .
Conclusion
Ancient allelic polymorphisms as well as recent selective sweeps are found at the few resistance loci that have been studied to date (Bergelson et al, 2001b) . However, when the evolutionary history of genes does not correspond to these extremes, evolutionary interpretation can be difficult (Tiffin and Gaut, 2001; Zhang et al, 2002) . On the other hand, ecological analyses of resistance diversity in natural populations indicate that evolutionary dynamics are influenced not only by selection but also by host population dynamics and the geographical distribution of species. An ecologically relevant sampling of molecular variation at both neutral and defense-related loci should help elucidate the causes of selection and the resultant patterns of diversity. In the future, understanding the causes of allele maintenance in nature will be crucial for identifying the conditions in which resistance can be sustainable in agriculture (Stuthman, 2002) .
